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Effect of sodium dodecyl sulfate on the reactivity of copper(i)
complexes with 2-dimethylaminomethylphenol
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The effects of the anionic surfactant sodium dodecyl sulfate on complex formation of
2-dimethylaminomethylphenol (1) with copper(i1) in aqueous solutions and on the kinetics of
the reactions of copper(il) complexes of 1 with 4-nitrophenylbis(chloromethyl)phosphinate
(2) were studied. The reactivities of the complexes in these reactions are higher than that of 1
at all concentrations of SDS studied (0.010—0.200 mol L™!) with pH 7—9.
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It is known! that the bifunctional nucleophile
2-dimethylaminomethylphenol (1) and its copper com-
plex are catalysts of hydrolysis of esters of phosphorus
acids. We have shown? that sodium dodecyl sulfate
(SDS) inhibits the reaction of 1 with 4-nitrophenyl-
bis(chioromethyl) phosphinate (2) mainly due to sup-
pression of the formation of reactive zwitterionic {(HLY)
and phenolate (L) forms of compound 1 as a result of
the shift of acid-base and tautomeric equilibria. The
nonreactive form of 1 protonated at the nitrogen atom
(H,L*) is mainly present in solution in the pH 7-9
range studied. In the absence of a surfactant, the reactiv-
ity of the copper complex of compound 1, which is
reactive in the neutral pH range, is considerably higher
than that of ligand 1, and the mechanisms of their effects
differ.! The effects of SDS in forming anionic micelles
upon complex formation of 1 with copper(i1) and on the
reactivity of the complexes formed in the reaction with
substrate 2 are studied in this work.

Experimental

Compound 1 (HL) was synthesized by the known proce-
dure. SDS was purified and 2 was prepared according to the
previously published procedures (see Refs. 4 and 5, respec-
tively). Copper(1i) nitrate (reagent grade) was used. The ionic
medium was formed by the components of the solution. Com-
plex formation in the copper(i)—ligand 1 system in the pres-
ence of SDS was studied at 201+0.1 °C both spectrophotometri-
cally and pH-metrically. The equilibria were simulated by the
CPESSP program.® The simulation is based on the determina-
tion of the minimum value of the sum of deviation squares (the

nonlinear least-squares method) calculated from the experi-
mentally determined characteristics for all points upon move-
ment along the coordinate, which determines the composition
of the equilibrium system (pH, concentration of the ligand,
etc.). The optical density of solutions was measured on a
Specord UV-VIS spectrophotometer (the length of the absorb-
ing layer was 1 cm), and the pH values of the solutions were
measured on a pH-340 instrument. The complexes of copper(11)
with 1 are insoluble in an aqueous solution but soluble in the
presence of SDS. The dissolution of the complexes results in
the appearance of a band with a maximum at 426 nm in the
absorption spectrum. The reaction kinetics was studied under
pseudo-first-order conditions by increase in the optical density
due to the formation of p-nitrophenolate (A 400 nm) at
25%0.1 °C. The observed rate constants (k) were calculated
by a first-order equation by the least-squares method using the
known program!.7 (the correlation coefficient was not lower
than 0.99). The errors of determination of the apparent equilib-
rium and stability constants of the complexes were not higher
than 0.2 logarithmic units.

Results and Discussion

Investigation of the kinetics of reactions involving
metal complexes is closely related to the determination
of their structure and the most important quantitative
parameters of their complex formation in solutions. This
problem becomes more urgent when surfactants are in-
troduced into solution, because it is known8? that they
substantially affect reactions of metal ions with organic
reagents. Therefore, the complex formation of com-
pound 1 with copper(11) should be studied for the inves-
tigation of the kinetics of the reaction of substrate 2 with
copper complexes 1.
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Fig. 1. Dependence of the optical density of the solution at
Mnax 426 nm (Ceya- = 5.8+ 1074, C; =1+1072 mol L™!) on pH
of the medium at various concentrations of SDS/mol L™1: 0.01

(D; 0.025 (2); 0.1 (3.

The pH values were varied from 6.0 to 10.2 in five
series of solutions with fixed concentrations of copper(ir)
(5.8+107% mol L™1) and 1 (0.01 mol L™!). The constant
concentration of SDS was maintained in each series of
the solutions. The A—pH dependences are presented in
Fig. 1.

The value of the optical density (A) dependent of pH
or the concentration of the ligand at the fixed pH value
was used as the modelled response. In the case of the
inverse problem with various stoichiometric matrices
solved according to the CPESSP program, the adequate
description of the experimental data (the estimation was
performed by the Fischer criterion!?) is achieved when
equilibrium processes (1) and (2) are the determining
reactions of complex formation:

Ki

Cu?t + 3H,L* [Cu(HoLH)(HLAY + H» 43
2 2 2

p
Cu2t + SHL* S== [Cu(H,L")(HLLI** + 2H, (2
2 2 2

where H,Lt and HL are the protonated at the nitrogen
atom (pkK,) and neutral (pK,) forms of compound 1,
respectively.

Table 1. Values of apparent equilibrium constants of reactions
(1) and (2) and of stability constants of the complexes

Csps —logK| —logKj logB; logB; loghy  logh;
/mol L1

0.004 029 841 846 6.06 9.09 6.69
0.01 1.1l 934 7.84 584 8.56 6.56
0.025 079 895 896 7.36 10.55 8.95
0.10 1.18 983 88 772 1017 9.17
0.16 0.08 846 992 912 {154 1074

6.0 7.0 8.0 9.0 pH

Fig. 2. Dependence of the relative content of complex forms
3 (/) and 4 (2) on pH of the medium (Cgyz+ = 5.8+ 1074 mol
L~L, ¢y = 11072 mol L™!) at various concentrations of SDS/
mol L1 0.01 (7, 2); 0.025 (I',2°); 0.16 (1", 2").

Thus, two types of complex species are formed in the
solutions studied: depending on pH of the medium, the
species contain in the coordination sphere either two
protonated ligands H,L* and one neutral ligand (com-
plex 3) or one protonated and two neutral ligands (com-
plex 4).

The values of apparent dissociation constants of com-
pound 1, pK| and pK,, determined at the corresponding
SDS concentrations!! were used for the calculation of
the apparent equilibrium constants K| and K
(Table 1).

The equilibrium constants of reactions (1) and (2)
should be considered as estimation values, because the
ionic strength of the solutions was not maintained con-
stant. The values of apparent stability constants of the
complexes (B) calculated from Egs. (3) and (4) are also
presented in Table 1.

logB; = logK| + pKj, (3)

logB, = logK5 + 2pK;. 4

The dependence of the relative content of each form
(in fractions of the total concentration of copper(it)) on
pH of the medium is presented in Fig. 2.

The effect of the concentration of compound 1
(Cyr = 2.0+ 1073+2.6 - 1072 mol L") on the complex for-
mation at the fixed pH value equal to 8.6 is also consid-
ered (Fig. 3). Under these conditions, the
[Cu(H,L*)(HL),]** complex predominates in the solu-
tion. The values of the logarithm of the equilibrium
constant K calculated on the basis of the experimental
dependences A—pH and A—Cy (pH 8.60) were —9.29
(CSDS = 0.0l mol L_—l) and —10.05 (CSDS = 0.10
mol L~!) and almost coincided with the data presented in
Table 1.

It is known!? that Cu(DS), predominates on the
micellar surface in the system containing SDS and
copper(11), because the bicharged copper ion is stronger



348 Russ. Chem.Bull., Vol. 45, No. 2, February, 1996

Ryzhkina et al.

A
ook ; ,.//(T:’t’:—/—:‘r_'
0.7F 2
05}
03}
I I i
0.01 0.02 Cy/mol L

Fig. 3. Dependence of the optical density of the solution at
Amax 426 nm on Cy (pH 8.6) at various concentrations of SDS/
mol L™': 0.01 (1); 0.10 (2).

attracted by the adsorption monolayer of dodecyl sulfate
jons than the sodium ion. However, we failed to deter-
mine quantitative parameters of the reaction of copper(11)
with the dodecy! sulfate anion (DS7) under the experi-
mental conditions (Cgy+ = 5.8+ 107% mol L™!) due to
low changes in the optical density of the solutions at
Csps = 0+0.025 mol L™!. A precipitate was formed at
the higher concentrations of SDS.

It is seen from the data in Table 1 that the equilib-
rium constants K| and X3 depend on the concentration
of the DS~ ion in the whole range of the surfactant
concentrations studied. This circumstance is reflected by
the refined schemes of the reactions of complex forma-
tion (Egs. (5) and (6)):

;
R
e

[Cu(DS),J2% + BH,L*-nDS"

== [[Cu(HL")(HLIH(DS),,,-, 7" + 208" + H*,  (5)

———
_—

[Cu(DS),J2* + BH,L*-nDS"

3-x-n+z

= [[Cu(HL*)(HL),I**(DS),4 -, | +2zDS" + 2H* . (6)

The stability constants of both complexes were calcu-
lated taking into account the concentration of the DS™
ion (Egs. (7) and (8)):

logB] = logK} + pK; + log[DS7], z= 1 (N

logBs = logK5 + 2pK, + log[DS™], z= 1. (8)

It turned out that the equilibrium constants of both
complexes (B; and B3) are unchanged in the range of
SDS concentrations from 0.004 to 0.01 mol L™!. At these

SDS concentrations, its critical micelle formation con-
centration (CMC) is not reached yet. At C; = 51073
mol L™}, CMC of SDS is ~0.02 mol L~! (see Ref. 2). In
the range of SDS concentrations from 0.025 to 0.1
mol L™!, which are higher than CMC, the values of
logB“y and B’, are also constant within the determina-
tion error, but are considerably higher. The reason for
this may be the change in the “environment” of the
complex, ie., in the medium that surrounds the com-
plex. When the SDS concentration is lower than 0.01
mol L™, the complex formation occurs in the aqueous
solution containing ions of the surfactant, while when
CMC is reached, the complexes exist in the medium
with the lower polarity than that of water. The properties
of the area of localization of reagents in micelles re-
semble those of a mixture of water with an aprotic
solvent.!3 A sharp increase in the stability of the com-
plexes at the SDS concentration of 0.16 mol L™! is
probably caused by structural changes in the micelle
itself 12

Thus, the process of complex formation in the micel-
lar system exhibits some specific features. Unlike solu-
tions in aqueous ethanol' in which only one complex
species [CuHLJ?" is formed, the introduction both of
cationic and nonionic surfactants!> makes the composi-
tion of the complex more complicated. An increase in
the number of coordinated ligands in the presence of the
surfactant is explained by loosening the hydrate shell of
the metal ion due to hydrophobic hydration and is
known in the literature.”

DS~ anions of the external sphere of the complex
compound favor the coordination of protonated ligands.
It also cannot be excluded that the protonated complex
in the micellar pseudo-phase is stabilized by the forma-
tion of hydrogen bonds with oxygen atoms of the surfac-
tant. In addition, the relatively high stability of proto-
nated complexes could be the result of interplanar inter-
action (stacking!®) of benzene rings of coordinated
aminomethylphenols. A decrease in the surface tension
of water due to the surfactant decreases the power
consumed for creation of the cavity in the solution.

Axial positions of the complex forming agent are
blocked due to the stacking. In the equatorial plane,
copper(11) coordinates a water molecule of those entering
the composition of the micelle along with three ligands
mentioned.

The observed first-order rate constants of the reac-
tion of 1 with 2 in the absence and in the presence of
copper(1) were determined at varied SDS concentrations
and the fixed value of pH 8.0 (Fig. 4). The effect of pH
of the solutions at constant concentrations of the surfac-
tant on the values of rate constants is also considered
(Fig. 5). It is established that SDS inhibits these reac-
tions. The dependences &y, = flCsps) reach a plateau as
the content of SDS increases (see Fig. 4); however, the
observed rate constants of the reactions of 1 with 2 in the
presence of copper(i1) are higher than those without
copper(i1) in the whole range of SDS concentrations



Reactivity of copper(il) complexes Russ.Chem.Bull., Vol. 45, No. 2, February, 1996 349
kobs +107' /57! Kobs+107! /571 1 2
| Ja454
15 b 1o+
05}
1.0
-
"
! L
7.0 8.0 pH
0.5 | 2
Fig. 5. Dependence of the observed rate constants of the
reaction of 1 with 2 (C; =1-10"2 mol L™!) on pH of the
medium in the absence (2, 4, 6) and in the presence of
copper(11) (Coyz+ = 1.9-1074 mol L™ (7, 3, 5) at various
7 concentrations of SDS/mol L™1: 0.01 (1, 2); 0.025 (3, 9; 0.2
(5, 6).
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Fig. 4. Dependence of the observed rate constants of the
reaction of 1 with 2 (C; =1-1072 mol L™!, pH 8.0) on the
concentration of SDS in the absence (7) and in the presence
(2) of copper(i1) {Coya+r = 5.8+ 1074 mol L™1).

studied at pH > 6 (see Figs. 4 and 5). An increase in Ky
is associated first of all with the formation of reactive
complexes 3 and 4, while the phenomenon of the "salt
effect” that takes place in micellar solutions of SDS6 is
observed at considerably higher concentrations of cations
(0.1—1 mol L™}) than in our case.

The concentrations of complexes 3 and 4
(Cx = w- Ceya+) in the pH range corresponding to the

maximum accumulation of the complexes were calcu-
lated on the basis of the fractional distribution of these
complexes (see Fig. 2). The effective second-order rate
constants of the reactions of complexes 3 (k%) and 4
(k,%) were determined from the dependence ko, = ApH)
(see Fig. 5) at the SDS concentrations of 0.01, 0.025,
and 0.02 mol L™! by the formula ky = (kgps = kobs!)/ Cis
where k. ! are the observed rate constants of the reac-
tion of 1 with 2 without copper(ir) under identical
conditions (Table 2). It follows from the data in Table 2
that the reactivity of both complexes decreases as the
SDS concentration increases from 0.01 mol L™!, at which
CMC is not reached vyet, to 0.20 mol L™}, at which the
observed rate constants are approximately equal to those

Table 2. Effective rate constants of the reactions of complexes 3 and 4 with 2 in the presence of SDS*

pH a Cy- 1074 ky3 pH o Cy- 1074 kst
/mol L1 /mol™l Ls™! /mol L™} /mol™ Ls7!
CSQ§ =0.025 mo! L!
7.0 0.52 1.0 238 8.6 0.73 1.4 786
7.1 0.56 1.1 259 8.8 0.80 I.5 784
248* 785*
Csps = 0.200 mol ™!
6.8 0.75 1.4 46 8.6 0.62 1.2 416
7.0 0.80 1.5 51 8.8 0.72 1.4 428
48* 422%

Note. At Cgpg = 0.010 mol L™! k,3,, = 418 mol™! L 57!, calculated at pH 6.8, 7.0.

* Average values,
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in the micellar pseudo-phase. This is probably associated
with several factors, one of which is a decrease in the
polarity of the medium in the micellar pseudo-phase
compared to that of water, which also affects the values
of the stability constants of the complexes. The similar
tendency of the effect of the nature of the medium on
the stability constants and the reactivity of the complexes
has been observed previously.”

In addition, high positive charges of complexes 3 and
4, which should facilitate the polarization of the sub-
strate upon solubilization by negative SDS micelles, are
probably neutralized.

The comparison of constants k,? and &, testifies that
the reactivity of complex 4 is 3 to 10-fold higher than that
of complex 3. Even when the SDS concentration in-
creases approximately by an order of magnitude, its
inhibiting effect considerably less affects the reactivity of
complex 4 (k,* decreases ~1.5-fold) than that of complex
3 (k,? decreases ~6-fold). The higher reactivity of com-
plex 4 can be caused by the fact that its first coordination
sphere contains two hydroxy! groups of neutral forms of
the ligands activated by the coordination with copper(ir)
that play a role of a nucleophile, while the first coordi-
nation sphere of complex 3 contains one this group.

It is noteworthy that the coordination of substrate 2
by the complexes is difficult compared to the aqueous-
ethanol solution! due to the complication of the com-
position of the aminomethylphenol complexes. Never-
theless, the presence of the mobile water molecule in the
coordination sphere of the complexes creates prerequi-
sites for their contact with a substrate.
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